INTRODUCTION
============

In recent years single-molecule experiments became a valuable tool to study dynamics of biomolecules on a molecular level ([@gks326-B1],[@gks326-B2]). In particular Fluorescence (Förster)-Resonance-Energy-Transfer (FRET)-based approaches can resolve conformational changes in the range of few nanometres and with a time-resolution of microseconds to minutes ([@gks326-B3; @gks326-B4; @gks326-B5; @gks326-B6]). To resolve such conformational changes, biomolecules are commonly immobilized to the surface of a cover slip. The surface, however, represents a potential perturbation that has to be carefully taken into account in each single-molecule experiment ([@gks326-B7],[@gks326-B8]). Laborious control experiments have to be carried out to show that single-molecule experiments adequately reflect the ensemble solution experiment and often doubts remain whether obtained distributions of properties describe the heterogeneity of the system or that of the surface immobilization. Immobilization strategies have been an issue since single-molecule FRET has been established to study biomolecular dynamics more than a decade ago. Typical immobilization schemes include BSA passivated cover slips which have successfully been used for nucleic acid dynamics, polyethyleneglycol passivated glass slides and vesicle encapsulation ([@gks326-B8]). The encapsulation in immobilized unilamellar vesicles provides an environment for systems that do not interact with the membrane but the exchange of reagents remains challenging ([@gks326-B9]). A trustworthy immobilization strategy is so important because biomolecular reactions are usually characterized first in ensemble measurements on freely diffusing molecules and a reproduction of similar reaction conditions on the single molecule level is required for direct comparison. Groll *et al*. ([@gks326-B6]) could clearly demonstrate that RNAseH refolding after denaturation is prevented when immobilized on a PEO (polyethylene oxide) brush. Another example of surface-induced artefacts has been published by Talaga *et al.* Here, the direct immobilization of a peptide led to reduced conformational fluctuations ([@gks326-B10]). The continuous effort to find an universal and reliable method of immobilization is furthermore reflected in the incessant appearance of publications that primarily deal with the immobilization strategy of single molecules ([@gks326-B5; @gks326-B6; @gks326-B7; @gks326-B8; @gks326-B9],[@gks326-B11; @gks326-B12; @gks326-B13; @gks326-B14; @gks326-B15; @gks326-B16; @gks326-B17]).

Here, we present an immobilization scheme that allows matching of single-molecule and ensemble experiments ([Figure 1](#gks326-F1){ref-type="fig"}). In contrast to previous approaches aiming at improving the biocompatibility of surfaces, we focus on the convergence of conditions in ensemble and single-molecule experiments. By immobilizing the biomolecules of interests on a DNA origami, ensemble and single-molecule experiments can be carried out without changing the nano-environment. The DNA origami fulfils two functions: it serves as bio-compatible surface and represents a transportable entity for the biomolecular assay to passage it between fluorescence methods. For the single-molecule measurements, the DNA origami serves as an adapter between a glass slide and the biomolecular assay ([Figure 1](#gks326-F1){ref-type="fig"}B). Since DNA origami is a promising scaffold for manifold applications including molecular computing, molecular assembly lines or nanorobots the biocompatibility of the DNA nanostructure is of particular importance ([@gks326-B18; @gks326-B19; @gks326-B20; @gks326-B21; @gks326-B22; @gks326-B23]). Figure 1.Schematic drawing of the experimental strategy that allows a direct comparison of ensemble and single-molecule experiments as the DNA origami provides an identical nano-environment in all experiments. (**A**) DNA origami structures are based on a 'scaffold' DNA strand (the single-stranded DNA genome of bacteriophage M13), which can be folded into 2D and 3D assemblies at the nanometre scale with the help of hundreds of short oligonucleotides called 'staple strands' ([@gks326-B24]). DNA origami represent a self-assembled system; the formation of the DNA nanostructure is achieved by a simple heat denaturation step followed by slowly cooling down the scaffold DNA/staple strands mixture. Modifications (e.g. biotin, fluorophores) can be introduced into the DNA origami by replacing individual staple strands with a modified version of the oligonucleotide. (**B**) The decorated DNA origami represents a transportable pseudo-surface for a biomolecular reaction that can be used in a range of fluorescence-based methods. Importantly, the DNA origami ensures an identical nano-environment for the biomolecular assay (shown here is the fluorescently labelled double-stranded TATA--box containing oligonucleotide) leading to comparable reaction conditions. If biotins are positioned at one 'face' of a rectangular DNA origami (blue spheres) an oriented immobilization of the rectangle on a streptavidin-covered glass surface becomes possible. Consequently, the opposite side of the DNA rectangle that faces away from the surface is available for the DNA sequences that mediate the specific interaction for biomolecule immobilization, e.g. via protein--DNA interactions.

DNA origami structures are based on a 'scaffold' DNA strand (the single-stranded DNA genome of bacteriophage M13), which can be folded into 2D and 3D assemblies at the nanometre scale with the help of hundreds of short oligonucleotides called 'staple strands' ([@gks326-B24]). DNA origami represent a self-assembled system; the formation of the DNA nanostructure is achieved by a simple heat denaturation step followed by a slow cooling down of the scaffold DNA/staple strands mixture. Modifications (e.g. biotin) can be introduced into the DNA origami by replacing individual staple strands with a biotinylated version of the oligonucleotide. If biotins are positioned at one 'face' of a rectangular DNA origami an oriented immobilization of the rectangle on a streptavidin-covered glass surface becomes possible. Consequently, the opposite side of the DNA rectangle that faces away from the surface is available for the attachment of DNA sequences that mediate the specific interaction for biomolecule immobilization, e.g. via protein--DNA interactions. For this purpose, a single staple ('anchor strand') strand is extended by a sequence of interest that allows hybridization with complementary sequences to form a specific and functional DNA structure. The assembly of a DNA origami including modified staple strands, oligonucleotides complementary to the anchor staple strand and additional oligonucleotides required for the functional DNA entity follows the same convenient protocol of temperature-controlled self-assembly described.

We studied the interconversion of the two conformational states of the well-described Holliday junction (HJ) and the interaction of the transcription factor TBP (TATA-binding protein) with a TATA--box containing DNA either as isolated biomolecules or attached to a rectangular DNA origami platform. In both cases, a FRET signal served as readout to distinguish between the alternative HJ conformations and to follow the TBP-induced bending of the TATA--DNA ([@gks326-B25]). Both molecular processes are not affected by the presence of the DNA origami and are in very good agreement to datasets collected on freely diffusing molecules either in ensemble or in a single-molecule setup. Therefore, we demonstrate that the DNA origami provides an ideal biocompatible surface which (i) closes the gap between ensemble measurements and single-molecule studies on surfaces as the ensemble solution can be directly used to immobilize biomolecule-decorated origami on a cover slide and (ii) does not influence the biomolecule under investigation but creates a biocompatible environment ideally suited to monitor conformational changes without the risk of significant loss of activity or flexibility due to surface interactions.

MATERIALS AND METHODS
=====================

Buffers
-------

All experiments were carried out at room temperature, unless indicated otherwise. DNA annealing buffer was 1× TAE (40 mM Tris/Acetate pH 8.3, 2.5 mM EDTA) with 12.5 mM MgCl~2~. HJ experiments were carried out in 1× PBS (8.06 mM Na~2~HPO~4~, 1.94 mM KH~2~PO~4~, 2.7 mM KCl and 137 mM NaCl, pH 7.4) with varying MgCl~2~ concentrations. TBP titrations as well as the TBP single-molecule experiments on surfaces were carried out in 50 mM Tris--HCl pH 7.5, 1 M NaCl and 12.5 mM MgCl~2~. Immobilization of the TATA--DNA oligonucleotides (10 pM) and TATA-origami (100 pM) was realized in 1× PBS, 12.5 mM MgCl~2~. In order to reduce blinking ON and OFF states of the fluorescent dyes 2 mM Trolox (dissolved in DMSO, 100 mM) was added in all experiments; oxygen was removed by the GOC ([g]{.ul}lucose [o]{.ul}xidase [c]{.ul}atalase) oxygen scavenger system and 0.5% w/w glucose ([@gks326-B26],[@gks326-B27]).

Preparation of TATA--double-stranded DNA, HJ and DNA origami
------------------------------------------------------------

All DNA constructs were hybridized and folded in 1× TAE in the presence of 12.5 mM MgCl~2~ in an Eppendorf Thermocycler. All modified DNA sequences were purchased from IBA (Göttingen). The single-stranded DNA origami scaffold (genomic DNA of bacteriophage M13mp18) was prepared as described in Douglas *et al*. ([@gks326-B28]) but can also be purchased from New England Biolabs. The complete set of staple strands need for the rectangular DNA origami was ordered from MWG \[a complete list of staple strand sequences required for the rectangular origami can be found in Rothemund *et al*. ([@gks326-B24])\].

The following DNA sequences were used for 'origami-free' measurements: TATA--double-stranded DNA (dsDNA) 5′-Biotin-CGG ACC GAA AGC GCG ACC ATC GCC GGA GA (Cy3B) TGG AGT AAA GTT TAA ATA CTG-3′ and 5′-ATTO647N-CAG TAT TTA AAC TTT ACT CCA ATC TCC GGC GAT GGT CGC GCT TTC GGT CCG-3′. Strands were hybridized at a final concentration of 25 µM for each strand. The HJ is composed of four strands called R, H, X and B ([Figure 2](#gks326-F2){ref-type="fig"}A) with the following sequence: R: 5′-Biotin-CCC ACC GCT CGGC TCA ACT GGG-3′, H: 5′-Cy3-CCG TAG CAG CGCG AGC GGT GGG-3′, X: 5′-CCC AGT TGA GCG CTT GCT AGG G-3′, B: 5′-Cy5-CCC TAG CAA GCC GCT GCT AGG G-3′. The strands were annealed using a concentration ratio of 8.3 µM: 11.1 µM: 13.8 µM: 16.6 µM for R:H:X:B. Hybridization was carried out by a heating step (95°C for 30 s) and the sample was immediately cooled down to 20°C in 0.1°C steps every 6 s. A biotin modification at one of the HJ or TATA--oligonucleotide strands allowed a direct immobilization of the TATA--oligonucleotide or the HJ to a PEG--Biotin--Neutravidin glass surface as required for TIRF measurements. Figure 2.(**A**) The HJ is composed of four single-stranded DNAs (B, H, X, R) that can adopt two different conformations, *iso I* or *iso II* (**B**). The donor fluorophore Cy3 is attached to the 5′-end of strand H and the acceptor Cy5 is attached to the 5′ end of strand B. Here we determined the kinetic properties of the interconversion between the two conformational states using a FRET signal between Cy3 and Cy5 as readout. The *iso I* conformation leads to a low FRET whereas the *iso II* state causes a high FRET signal. The kinetics have been determined for freely diffusing molecules or for HJs anchored to a rectangular origami that additionally can be immobilized to a quartz slide (Neutravidin--Biotin linkage) via strand R (B). (**C**) Single-molecule ALEX measurements on freely diffusing HJ molecules that are labelled with a Cy3--Cy5 FRET pair. FRET efficiency distributions together with Gaussian fits to the data are shown for the HJ (top) or a HJ attached to the origami (bottom). Measurements were carried out in the presence (right) or absence (left) of 100 mM MgCl~2~. At low magnesium concentrations the fast interconversion between the conformational states *iso I* and *iso II* cannot be resolved resulting in an averaged FRET efficiency of *E* = 0.53. The interconversion rate is reduced in the presence of 100 mM MgCl~2~ and the low and high FRET states *iso I* and *iso II* can be detected (*E~iso\ I~* = 0.36 and *E~iso\ II~* = 0.74). An attachment of the HJ to the origami does not exert an influence on the conformational states of the HJ as judged by the distribution between *iso I* and *iso II* and the corresponding FRET efficiencies (*E~iso\ I~* = 0.35 and *E~iso\ II~* = 0.72).

The rectangular DNA origami design from Rothemund's original publication ([@gks326-B24]) was used for all experiments. Alternative DNA origami structures can be designed with the help of the freely available software 'cadnano' ([http://cadnano.org](http://cadnano.org/)) that also allows a visualization of the nanostructure. For folding of the DNA origami 3 nM single-stranded DNA (M13mp18), 30 nM unmodified staples and 300 nM labelled staples were used. In order to attach the TATA sequence or the HJ to the DNA origami the standard staple strand r3t12f \[compare notation in ([@gks326-B24])\] has been replaced by an alternative version of the strand that has been extended either by one of the TATA--oligonucleotides (the 5′- to 3′-strand) or strand X of the HJ ([Table 1](#gks326-T1){ref-type="table"}). In this case, none of the TATA--oligonucleotides or the HJ strands were modified with biotin. In addition, two of the standard staple strands (e.g. r-5t4f and r-5t6f) were replaced by a single staple strand that carries a biotin-modification at the 5′-end. This has been done for three sets of standard staple strand pairs to introduce three biotins at one 'face' of the rectangular DNA origami in order to allow an oriented immobilization of the decorated DNA origami to a streptavidin-coated glass surface. The assembly of the modified DNA origami including biotinylated staple strands, the modified strand r3t12f and additional oligonucleotides for the formation of the TATA--oligonucleotide (5′-ATTO647N-CAG TAT TTA AAC TTT ACT CCA ATC TCC GGC GAT GGT CGC GCT TTC GGT CCG-3′) or the HJ (R: 5′--CCC ACC GCT CGGC TCA ACT GGG-3′, H: 5′-Cy3-CCG TAG CAG CGCG AGC GGT GGG-3′, B: 5′-Cy5-CCC TAG CAA GCC GCT GCT AGG G-3′) follows the same protocol of temperature-controlled self-assembly (95°C for 30 s and slow cooling down to 20°C in 0.1°C steps every 6 s). Additional oligonucleotides that form the double-stranded TATA--oligonucleotide or the HJ have been added directly to the DNA origami mix (at a concentration of 300 nM each) and were therefore part of the self-assembly process. Table 1.Modifications to the design are shown in the table below ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gks326/DC1))![](gks326t1.jpg)

After folding the excess of staple strands was removed by filtration using Amicon Ultra-0.5 ml Centrifugal Filters (100 000 MWCO) according to manufacturer's instructions. Choosing a filter with a cut-off of 100 000 MWCO ensures that the DNA origami (4.6 MDa) is retained whereas the staple strands (∼10 kDa) and non-attached but properly folded individual HJs (28 kDa) and double-stranded TATA--oligonucleotides (32 kDa) are passing through the filters pores and can be washed away. The DNA origami solution has been washed three times with 1× TAE buffer and concentrated to a final volume of 20 µl. Filtering has turned out to be an efficient way to remove the excess of biotinylated strands ([@gks326-B29]), HJs and TATA--oligonucleotides that are not attached to the surface of the DNA origami. The wash fractions have been analysed by single molecule TIRF microscopy checking the amount of fluorescently labelled molecules left in the flow-through that can be immobilized on a PEG-surface via the Biotin-anchor. After four rounds of washing no fluorescence signal could be detected ensuring that biotinylated strands were completely removed and there were no competing biotinylated staple strands in addition to the DNA origami left. The DNA origami can be stored at 20 nM in 1× TAE and 12.5 mM MgCl~2~ at 4°C for several days.

Preparation of TBP
------------------

TBP was expressed and purified as described earlier ([@gks326-B30]).

Ensemble fluorescence measurements
----------------------------------

All fluorometer measurements were carried out on a temperature-controlled Cary Eclipse spectrometer in a fluorescence cuvette (50 µl volume, Hellma Germany). HJs oligo (10 nM) and HJ--origami (3 nM) experiments were executed at 25°C in 1× PBS with varying MgCl~2~ concentrations ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks326/DC1)). The TBP--TATA--DNA titration was performed at 55°C with a TATA--dsDNA oligo concentration of 10 nM as well as for the TATA--dsDNA on origami. Excitation was set to 515 nm and the emission was recorded at 660 nm (slit width: 20 nm, detector voltage: medium, integration time: 0.5 s). Data were evaluated using the program OriginPro. The relative fluorescence was plotted against the corresponding TBP concentration and the dissociation constant was calculated using a quadratic equation with the error given as standard error.

Surface preparation
-------------------

Studies on immobilized molecules using a widefield setup were carried out on a PEG surface attached to a flow chamber for custom built PRISM-based TIRF microscope. Quartz slides were thoroughly cleaned and dried with nitrogen. The quartz slides were first silanized and afterwards PEGylized according to Roy *et al.* ([@gks326-B31]) followed by washing with 1× PBS and Neutravidin (1 mg/ml) incubation for 10 min.

Cover slides for solution measurements were rinsed with Acetone p.A., EtOH p.A. and deionized water. After a small chamber (Press-to-Seal 2.5 mm, Sigma Aldrich) had been glued to the cover slide, a solution of 5 mg/ml BSA in 1× PBS was incubated for 10 min. Excessive BSA was removed by washing with 1× PBS.

Widefield single-molecule detection and analysis
------------------------------------------------

We used a homebuilt PRISM-TIRF setup based on an Olympus IX71 to perform widefield measurements. Fluorophores were excited with 532 nm (Coherent Sapphire, Clean-up filter 532/2 MaxLine Semrock, AHF Göttingen, circa 3 kW/cm^2^) diode laser. The fluorescence was collected by an 60× Olympus 1.20 N.A. water-immersion objective and split by wavelength with a dichroic mirror (640 DCXR, AHF) into two channels that were further narrowed by a bandpass filter Semrock BrightLine 582/75 in the green and a 633 nm RazorEdge longpass filter (Semrock, AHF) in the red detection range. Both detection channels were recorded by one EMCCD camera (Andor IXon 789DU, preGain 5.1, gain 1000, integration time 20 ms) in a dualview configuration and the videos were analysed by custom made software based on LabVIEW 2011 64 bit (National Instruments). The molecule spots were selected by an automated spotfinder and the resulting transients were filtered with the built in cubic filter of LabVIEW 2011. The fluorescent intensities were background corrected by subtracting the neighbour-pixels' intensity. The transients were also corrected in leakage from the donor into the red detection channel and direct excitation of the acceptor by the 532-nm laser excitation. The HJ transition states were analysed with the HaMMy software freely available at the TJ Ha group's homepage. Statistical errors are given as standard deviation.

Confocal measurements
---------------------

The concentrations of fluorescently labelled molecules were adjusted to an average of less than one molecule per confocal volume in order to identify bursts from single molecules, i.e. in the picomolar range.

To study fluorescence and FRET on the level of single molecules, a custom built confocal microscope was used. The setup allowed alternating laser excitation of donor and acceptor fluorophores on diffusing molecules with separate donor and acceptor detection. Fluorophores were excited with continuous wave at 532 nm (TECGL-30, World Star Tech; 80 µW for Cy3, 60 µW for Cy3B) and with 80 MHz pulsed at 640 nm (LDH-D-C-640, Picoquant, 60 µW for Cy5, 30 µW for ATTO647N). Alternation of both wavelengths with 100 -µs period was achieved by use of an acousto-optical tunable filter (AOTFnc-VIS, AA optoelectronic). The laser beam entered an inverse microscope and was coupled into an oil-immersion objective (TBP: 60X, NA 1.35, UPLSAPO 60XO; HJ: 60X, NA 1.49, APON 60XO TIRFM, both Olympus) by a dual-band dichroic beam splitter (Dualband z532/633, AHF). The resulting fluorescence was collected by the same objective, focused onto a 50 µm pinhole, and split spectrally at 640 nm by a dichroic beam splitter (640DCXR, AHF). Two avalanche photodiodes (τ-SPAD-100, Picoquant) detected the donor and acceptor fluorescence with appropriate spectral filtering (Brightline HC582/75, Bandpass ET 700/75 m, AHF). The detector signal was registered using a PC card for single-photon counting (SPC-830, Becker&Hickl) and evaluated using custom made LabVIEW (National Instruments) software.

Data evaluation for ALEX measurements
-------------------------------------

In solution measurements, fluorescence bursts from single molecules diffusing through the laser focus are identified by a burst search algorithm applied to the sum of donor and acceptor photons (parameters used for free HJ: T = 500 µs, M = 30, L = 60, for TBP oligo: T = 500 µs, M = 30, L = 50, for origami: T = 500 µs, M = 30, L = 100) ([@gks326-B32]). Molecules are alternately excited and the fluorescence of donor and acceptor is separately detected. This defines three different photon counts: donor emission due to donor excitation, acceptor emission due to acceptor excitation and acceptor emission due to donor excitation . Upon correction of these values from background signals, the stoichiometry parameter S and the proximity ratio E are defined, where S describes the ratio between donor and acceptor dyes of the sample and E stands for the proximity ratio between the dyes in terms of energy-transfer efficiency ([@gks326-B33]). Statistical errors are given as standard deviation.

RESULTS AND DISCUSSION
======================

DNA origami has emerged as a new way to build nanoarchitectures that combine the advantage of self-assembly with free addressability of the structure to add functionality ([@gks326-B19],[@gks326-B34]). DNA origami are 3D folded DNA structures, highly ordered on the nanoscale that allow the site-directed tethering of DNA strands on its surface ([@gks326-B24]). DNA-nanostructures have been suggested to be a valuable tool for a multitude of future applications and initial work included (i) origami as scaffold for dye-based photonic wires ([@gks326-B35]), (ii) DNA nanostructures as host for macromolecular molecules e.g. proteins ([@gks326-B36]) and G-quadruplexes ([@gks326-B37]) and (iii) DNA origami as a molecular breadboard that allows the precise positioning of e.g. fluorescently labelled oligonucleotides ([@gks326-B38]) or nanotubes ([@gks326-B39]). Here, we add an alternative application to the DNA origami toolbox presenting origami as a bio-compatible surface that can match ensemble and single-molecule measurements.

In order to evaluate whether DNA origami can serve as a transfer platform we chose two biological relevant reporter systems, the DNA HJ and the TBP-induced bending of DNA. For both model systems the conformational flexibility of the DNA component(s) engineered to the origami surface is mandatory for functionality and can be monitored via the change of a FRET signal. Thereby, employing ensemble and single-molecule fluorescence spectroscopy, we were able to assess in detail whether a biological assay can be established on an origami surface that can be directly used in both types of fluorescence measurements ([Figure 1](#gks326-F1){ref-type="fig"}).

Holliday junction
-----------------

The HJ is a mobile DNA junction composed of four individual DNA strands ([Figure 2](#gks326-F2){ref-type="fig"}A). In presence of bivalent metal ions (here Mg^2+^) the HJ switches between two conformational states *iso I* and *iso II* ([Figure 2](#gks326-F2){ref-type="fig"}B). These states can be detected and distinguished when the FRET-efficiency of a Cy3--Cy5 donor-acceptor pair attached to strands H and B ([Figure 2](#gks326-F2){ref-type="fig"}A) is monitored. The *iso I* state causes a low FRET signal whereas in the *iso II* state the fluorophores are in close proximity resulting in a high FRET signal. Bulk fluorescence measurements average the dynamic behaviour and the resulting FRET efficiency is independent of the MgCl~2~ concentration ([Supplementary Figures S2](http://nar.oxfordjournals.org/cgi/content/full/gks326/DC1) and [S3](http://nar.oxfordjournals.org/cgi/content/full/gks326/DC1)). In contrast, at the single-molecule level the fast switching between conformational states can be resolved. The fluorescence of freely diffusing HJ molecules can be monitored in a confocal fluorescence microscope equipped with alternating laser excitation (ALEX). Because of the fast transition rates at low magnesium concentrations the FRET efficiency of the two states cannot be resolved and leads to an averaged *E*-value of ∼0.5 ([Figure 2](#gks326-F2){ref-type="fig"}C). In contrast, at higher magnesium concentrations of 100 mM the transition rate slows down so that the single molecule under investigation stays in either of the states while it is diffusing through the focus, resulting in two FRET populations with defined mean FRET efficiency values of *E~iso\ I~* = 0.36 (±0.10) and *E~iso\ II~* = 0.74 (±0.08) ([Figure 2](#gks326-F2){ref-type="fig"}C). The kinetics can be monitored in real-time in a widefield setup with total internal reflection (TIR, [Figure 3](#gks326-F3){ref-type="fig"}). Transition rates are calculated with the help of two-state hidden Markov modelling ([@gks326-B40]). Increasing the magnesium concentration from 40 to 400 mM leads to a 2.5-fold reduced transition rate from 4 transitions/s to 1.5 transitions/s ([Figure 3](#gks326-F3){ref-type="fig"}C). These data are in very good agreement with previously reported results ([@gks326-B41],[@gks326-B42]). As judged from the FRET efficiency distributions and calculated transition rates, the kinetics of the transition and the spatial arrangement of HJ arms are not affected if the mobile HJ is attached to the origami. These results suggest that the HJ is able to freely undergo conformational switching without any effect of the DNA-nanostructure. An additional benefit of the origami pseudo-surface is the slower diffusion of the high-molecular weight origami (∼4.6 MDa) accompanied by an unusual form factor in solution that leads to a higher photon count per burst. It also increases the potential to study biomolecular dynamics in the lower millisecond timescale on diffusing molecules. Based on the Stokes--Einstein equation the difference in the diffusion constant can be calculated in relation to the molecular weight of molecules. The molecular weight of the DNA origami is 4600 times higher as compared to a fluorescence dye (∼1 kDa). Since the cube of the diffusion constant scales approximately with the inverse of the molar mass the diffusion co-efficient should be of the order of 17-fold smaller than that of the single dye. For the TATA oligo (51 bp) we expect decrease of the diffusion constant by ∼5-fold. Experimentally, we found a decrease of the diffusion constant by a factor of 4 by burst length analysis. Figure 3.(**A**) Pseudo coloured wide-field image of HJ--origami immobilized on a PEG surface with 200 mM MgCl~2~ added to the buffer, excited with 532-nm laser light (scale bar = 10 µm). Green spots indicate donor (Cy3) only HJs, orange spots reveal FRET to the acceptor Cy5. (**B**) Fluorescence time transient of the circled HJ in (A) (upper trace). The Cy3 and Cy5 intensities show anti-correlated behaviour until the acceptor bleaches (at 9 s). The FRET efficiency changes rapidly between 0.2 (*iso I*) and 0.7 (*iso II*) (lower trace). Based on a two-state Hidden Markov Model (HMM) these changes are recognized and counted. Only FRET efficiencies between 0.15 and 0.8 are taken into account to rule out dye bleaching or dark states. (**C**) Transition rates in dependence of the magnesium concentration. All curves show decreasing rate values at higher Magnesium concentrations.

TBP induced bending of TATA--box DNA
------------------------------------

The TBP is one of the general transcription initiation factors found in Archaea and Eukaryotes ([@gks326-B43]). Recognition of the TATA--box motif upstream of the transcription start site by TBP allows the assembly of the transcription initiation complex at the promoter. Binding of TBP to the minor groove of the DNA is driven by hydrophobic interactions and leads to a significant bending of the DNA helix ([Figure 4](#gks326-F4){ref-type="fig"}B) ([@gks326-B44]). We monitored the TBP-induced bending of DNA via a FRET signal between a donor (Cy3B) and acceptor (Atto647N) fluorophore attached to either end of a TATA--box containing dsDNA in free solution or attached to the origami surface ([Figure 4](#gks326-F4){ref-type="fig"}A). The addition of TBP led to an increase in FRET, and fitting of the data yielded a dissociation constant of 21.5 (±1.1) nM ([Figure 4](#gks326-F4){ref-type="fig"}C). The affinity between TBP and the TATA--box oligonucleotide attached to the origami is identical within experimental errors (*K*~d~ = 21.7 ± 2.0 nM). The congruent affinities indicate that the four identical (and after assembly of the DNA origami double stranded) TATA--box sequence motifs (5′-TTTAAA-3′) found in the M13mp18 scaffold are not accessible for TBP. Otherwise these motifs would act as competing TBP-binding sites and the *K*~d~ would clearly deviate from the measurements with the isolated TATA--oligonucleotide. To further investigate this we carried out a competition experiment between a pre-formed labelled TATA--oligonucleotide/TBP complex at half-saturation (50 nM TBP) and the DNA origami ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gks326/DC1)). Addition of the origami did not result in any significant change in FRET efficiency providing clear evidence that the TATA--box motifs in the DNA origami are not available for TBP. Mei *et al*. showed that DNA origami are even stable in cell lysate making it suitable or for *in vivo* applications ([@gks326-B45]). It is noteworthy that these measurements were carried out at elevated temperatures (55°C) because the TBP protein used in this study originates from a hyperthermophilic organism (*Methanocaldococcus jannaschii*). Stability tests showed that the origami structure is stable and does not unfold when exposed to temperatures up to 55°C for at least up to 20 min ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks326/DC1)). Hence, the origami can additionally serve as firm platform to study biomolecular reactions that require more extreme conditions. These data demonstrate that (i) the attached DNA is freely available for the TBP interaction and (ii) the TBP--TATA--box interaction occurs specifically between the exposed dsDNA that encodes the TATA--box but not between similar sequence motifs found in the M13 DNA sequence that builds up the origami structure. At the single-molecule level the TBP-induced increase in FRET was monitored employing either TIRF spectroscopy (immobilized molecules) or confocal fluorescence microscopy (freely diffusing molecules). In the absence of TBP a well-defined population at low FRET values (*E* = 0.28 ± 0.07) can be measured for the TATA--oligo ([Figure 4](#gks326-F4){ref-type="fig"}C). The attachment of the TATA--DNA to the origami did not affect the FRET value (*E* = 0.29 ± 0.07). The addition of TBP leads to an increase in FRET efficiency as seen in ensemble measurements. Again, the presence of the origami does not interfere with the TBP--TATA--DNA interaction as the mean FRET values of the bent DNA are almost identical (TATA--DNA: *E* = 0.47 ± 0.10, TATA--DNA/origami: *E* = 0.51 ± 0.08). Immobilization of the TATA--oligo decorated origami on a quartz slide makes it possible to study the TBP--TATA interaction with a time-resolution in the millisecond range ([Figure 5](#gks326-F5){ref-type="fig"}). Hence, the association and dissociation of a nucleic acid-binding protein like TBP can be monitored in real-time adding another level of information, namely kinetic parameters like complex lifetime and transition rates that cannot be obtained from ensemble measurements. Figure 4.(**A**) TATA--oligonucleotide used in this study showing the position of the donor fluorophore Cy3B and the acceptor Atto647N. The TATA--box sequence is highlighted (cyan box). Coupling of a biotin at the 5′-end of the upper strand allows direct immobilization of the TATA--oligo on a cover slide. For the attachment of the TATA--DNA to the origami surface the upper strand has been extended by the staple strand sequence (see 'Materials and Methods' section). (**B**) Addition of the TBP to the TATA--oligonucleotide induces a bending of the DNA. Bending of the DNA brings the fluorophores in close proximity which results in an increased FRET efficiency. (**C**) Ensemble fluorescence titration of 25 nM free TATA--oligonucleotide (filled circles) or 10 nM of origami-attached TATA--oligonucleotide (filled rectangle) was titrated with TBP while the FRET signal was observed (excitation at 515 nm, emission at 660 nm). The curve shows the best fit of the data to a quadratic equation yielding a dissociation constant (*K*~d~) of 21.5 ± 1.1 (free oligonucleotide) and 21.7 ± 2.0 (oligo on DNA origami). The titration was carried out at 55°C. (**D**) Single molecule ALEX measurements on freely diffusing molecules using the Cy3B--Atto647N labelled TATA--DNA (top) or the labelled TATA--DNA attached to the origami (bottom). Measurements were carried out in the presence (right) or absence (left) of TBP. Upon addition of TBP the dsDNA bends and the donor and acceptor fluorophores get in close proximity. Consequently, in addition to the low FRET population of the straight dsDNA (*E*~oligo~ = 0.29, *E*~origami~ = 0.29) a high FRET population (*E*~oligo~ = 0.47 and *E*~origami~ = 0.51) can be detected in the presence of TBP (right). The emergence of the high FRET population is independent on whether or not the TATA--oligo is attached to the origami. Measurements were carried out at 25°C. Figure 5.(**A**) A transient of an immobilized origami-bound TATA--oligo visualizes the rapid binding and unbinding of TBP to the TATA--box (at 35°C, 1 µM TBP). At 40 s the acceptor ATTO647N bleaches and the donor fluorophore Cy3B shows increased fluorescence. (**B**) The TBP-induced bending is shown in high-time resolution of 20 ms/frame (Seconds 2--5 of panel A). (**C** and **D**). FRET efficiency over time is changing between 0.19 (low FRET of straight DNA) and 0.47 (TBP induced high FRET due to DNA bending).

Taken together, we introduced the recently developed DNA origami as a biocompatible platform that paves the way for a reliable and direct transfer of a fluorescence-based experiment from the ensemble to the single-molecule level. Making use of the DNA origami platform, the conditions for a biomolecular reaction can be optimized first on the ensemble level and subsequently the very same experiment can be transferred to the single-molecule level. Here, the DNA origami provides an identical nano-environment that ensures highly congruent reaction conditions, which consequently leads to comparable results and adds all the benefits of the single-molecule technique.

For optimal comparability of single-molecule and ensemble data we suggest the following procedure that can be applied to a wide range of studies on biomolecular mechanisms: (i) the functionality of the biomolecules is proven in an ensemble fluorescence assay using a cuvette and a spectrometer; (ii) the same assay is carried out with the biomolecules attached to the DNA origami and any effect of the origami can directly be detected. In case the reaction is affected by the DNA origami pseudo-surface the biocompatibility can be further improved e.g. by using pegylated oligonucleotides to convert the DNA origami into a PEG surface that can still be used to match single-molecule and ensemble measurements; and (iii) a transfer of the assay to the single-molecule setup is now possible as the DNA origami platform can be immobilized on the cover slide via its biotin-moieties. Following this scheme the researcher has a high confidence that surface induced artefacts can be excluded. The DNA origami approach is of special interest for studies that require immobilized nucleic acids as these can be easily introduced into the self-assembled DNA origami and error-prone immobilization reactions are avoided. Therefore, biomolecular reactions placed on the DNA origami surface can be easily studied on the single-molecule level and a deeper understanding of the system can be achieved as structurally different complexes can be identified and time-resolved data are obtained without the need to synchronize molecules. The DNA origami immobilization scheme is of interest for studies that are compatible with immobilized nucleic acids or immobilized proteins via linkers or tags. It is especially simple when the immobilization is straightforward such as for (i) nucleic acids that can adopt multiple structures dependent on co-factor, ligand or metal binding (e.g. Q-quadruplexes, ribozymes, complex RNA structures, DNA walkers) and (ii) protein--nucleic acids interactions (e.g. aptamer--ligand interaction, molecular motors acting on nucleic acids, transcription factors). We therefore suggest the origami-platform to bridge the often encountered gap between ensemble and single-molecule methods.

Finally, the demonstration of biocompatibility and unchanged kinetics in solution and on the DNA origami is fundamental for the design of new DNA origami applications that imply biomolecular dynamics including molecular computing, aritifical molecular machines, molecular assembly lines and nanorobots ([@gks326-B23],[@gks326-B46],[@gks326-B47]).
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